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In this study, a novel composite is fabricated by incorporating Polyvinyl alcohol (PVA) and
Bio-Glass (BG) via the freeze-thaw method. PV A pre-polymer is prepared in three different
concentrations i.e. (2%, 5%, and 10%) by dissolving PVA powder in distilled water by using
a hot plate magnetic stirrer at 80° C, and a constant concentration of BG i.e 2% is added into
each PVA prepolymer. Total six specimens including (PVA (2%), PVA (5%), PVA (10%),
PVA (2%)/BG (2%), PVA (5%)/BG (2%), and PVA (10%)/ BG (2%) were prepared in
which pure PVA specimens acts as a control group. The physicochemical and mechanical
properties of the specimens were examined. Various characterization tests such as scanning
electron microscopy (SEM), swelling analysis, degradability analysis, hygroscopicity, pH
sensitivity, tensile analysis, gel fraction test, water vapor transmission rate (WVTR), and,
contact angle analysis were performed on the samples. SEM analysis showed that with the
increase in PVA concentration, the material becomes smoother and more compact. Results
from the current study showed that tensile strength, degradation rate, and get content are
directly proportional to PVA concentration, while swelling capacity, pH sensitivity,
hygroscopicity, WVTR, and hydrophilicity are inversely related to PVA concentration.
Moreover, with the addition of BG, tensile strength, degradation rate, pH sensitivity,
swelling capability, hydrophilicity, and, gel content of the specimens is increased, whereas,
WVTR is decreased and, hygroscopicity remains unchanged. Furthermore, results from this
study must be taken a step ahead & biocompatibility must be tested to evaluate the biological
performance.
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1. Introduction

The human skin is the most extensive and vital tissue of our human body as it acts as a
protective layer between internal organs and the surrounding environment [1,2]. Against external
barriers, skin acts as the first line of defense [3]. Wounds are the result of an interruption to skin
integrity due to any physical trauma, injury, or disease [4]. Acute wounds occur as a consequence
of any sudden injury, accident, or trauma and heal promptly, whereas, chronic wounds cannot be
able to cure promptly [5]. Complex and chronic wounds are mostly hard to heal which results in
anxiety, discomfort, and reduced quality of life for patients and they also need a huge amount to
treat [6,7]. Wound healing is an intricate process involving coordinated interactions [8]. It includes
a cascade of carefully and accurately controlled steps and events correlative to the appearance of
different cell types during different phases of the healing activity in the wound bed [7,9]. Wound
dressings are usually used to fasten up the healing process. According to wound type, an appropriate
dressing must be selected. An ideal wound dressing should be innocuous, non-adhesive, provide a
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damp environment, permit gas interchange, promote epidermal migration, angiogenesis, and
connective tissue synthesis, and inhibit bacteria and pathogens from entering the body [10-13]. From
previous studies, it is obvious that wound healing is the subject of focus for decades [9,10]. Films,
Gauze, Hydrocolloids, Hydrogels, Foams, and Alginates are most commonly found in previous
studies with some limitations. Gauzes are inexpensive but cause injury when removed, films contain
moisture hence can only be utilized for non-exudative wounds, Hydrocolloids enhance fluid trapping
hence cannot be used for infected wounds, Hydrogels, and Alginates can’t be used for dry wounds,
and similarly, tissue-engineered skin substitutes are quite expensive [11,12,14,15] Due to the rising
elderly population with chronic wound history, demands for wound healing products are also
increasing [4]. Developed countries spent almost 2-3% of their total healthcare budget on the cure
of chronic wounds [6]. To minimize the burden on healthcare expenditures and to minimize patient
pain and anxiety, there is an utter need to develop new and advanced wound care technologies.

A new alternative is the use of Bio-Glass (BG) as a wound healer. BG is a well-known
bioactive and biodegradable material that has been utilized for hard tissue regeneration. It is a rigid,
non-permeable, and hard material, which is categorized as Bio-Ceramics. It is the first identified
artificial material and has outstanding bone-binding capabilities [ 16]. Bioactive Glass or Bio-glasses
are composed of Si0,—CaO-Na,O-P,0s[17]. Different sorts of BG can be fabricated by tailoring
the percentage of the components[18]. It has been investigated that BG or bioactive glasses have
shown excellent capabilities in regenerating bone. The use of BG is not limited only to hard tissue
applications but can also be utilized for soft tissue regeneration. Due to its ability to promote
angiogenesis and osteogenesis, it has gained a lot of attention in the field of Tissue Engineering [17].

Wound healing consists of four processes including Hemostasis Phase, Inflammatory Phase,
Cell Proliferation Phase, and ECM remodeling Phase [18,19]. Several studies have been conducted
in recent years to investigate the role of bio-glass in each phase of wound healing and all these
studies indicate that bio-glass have shown promising results in each phase of wound repair by
accelerating the cellular interaction of endothelial cells, inflammatory cells, and fibroblasts [20,21].
Some researchers have also analyzed that the ionic by-products released when BG interacts with
human body fluids fasten up the wound healing process [22,23]. This glass shows excellent
bioactivity and it can vary from surface bioactive to bulk degradable which means it can be resorbed
in 10-30 days in the tissue [24]. Bio-glass promotes rapid ion exchanges in contact with body fluids,
which creates an alkaline environment on the surface that enhances imine bond formation and thus
increases the hydrogel adhesiveness to tissues [12].

Polyvinyl alcohol (PVA) is a water-soluble polymer that is usually created through
hydrolysis using polyvinyl acetate [25]. Water absorption of PVA is decreased by crosslinking the
PVA chains [26]. PVA is ductile but strong, and flexible. PV A has several properties, which makes
it extremely useful for medical applications [27]. It is biocompatible, has the excellent film-forming
ability, and is also non-carcinogenetic, and hydrophilic with low frictional function [28]. PVA also
exhibits high tensile strength and excellent adhesiveness [29]. Not only this, but PVA hydrogels also
have a high degree of swelling in water/biological fluids, and are very much capable of simulating
natural tissues. PVA hydrogels also exhibit excellent elasticity [30], which is considered to be an
important parameter when considering biomaterials for tissue engineering applications [31].
Moreover, studies show that PVA-based composites can be configured for enhancing different
mechanical properties [32]. The PVA was discovered to be quite helpful as an injury-healing
accelerator [33]. Current research focuses on the fabrication of a biomaterial incorporating BG and
polyvinyl alcohol (PVA). The objective of this study is to fabricate a Bio-Glass/PVA composite
having skin-mimicking properties. Further, the physicochemical and mechanical characteristics of
the fabricated composite have been examined in this study. The fabricated material will certainly
accelerate the wound-healing process. This study will also help in reducing time and expenditure
for the wound healing process. Furthermore, it will be beneficial for using BG with naturally
occurring Bio-Materials as compared to synthetic ones for skin regeneration purposes.
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2. Materials and methods

2.1. Materials

PV A powder having molecular weight 89,000-98,000 g/mol and reagent grade pure Bio-
Glass (45S5, >98%, 0.2-500 pum particle size) powder were procured from Sigma Aldrich. Other
materials include Hydrochloric Acid (HCI), Sodium Chloride (NaCl), Tris (hydroxymethyl)
aminomethane ((CH>OH);CNH;), Sodium Bicarbonate (NaHCO3), Sodium Sulphate (Na,;SOs),
Potassium Hydrogen Phosphate Trihydrate (K;HPO4.3H,O), Potassium Chloride (KCL),
Magnesium Chloride Hexahydrate (MgCl,.6H,O) and Calcium Chloride (CaCly), were also
procured from Sigma Aldrich.

2.2. Preparation of simulated body fluid (SBF) solution

Simulated Body Fluid (SBF) has a similar inorganic ion composition as human body fluid
[34,35]. The technique mentioned in the previous study was adopted for the preparation of SBF
solution with minor modifications [36]. Firstly, 750 ml of de-ionized water is filled in a polyethylene
beaker, followed by dissolving NaCl (7.996 g), NaHCO; (0.350 g), KCL (0.224 g), K,HPO4.3H,O
(0.228 g), MgCl,.6H,0 (0.305 g), CaCl, (0.278 g), and, Na,SO4 (0.071 g) one by one with vigorous
stirring at 36.5 °C. After adding all reagents, the pH of the solution was adjusted to 7.40 with the
addition of (CH,OH);CNH; (6.057 g) for increasing the pH value and 1M HCL solution for dropping
the pH value to 7.40. After adjusting the pH of the prepared SBF solution to 7.40 at 36.5 °C, the
beaker was filled with de-ionized water up to the marked line of 1000 ml. This freshly prepared SBF
solution is preserved in a plastic bottle at 5 — 10 °C and was used within 30 days.

2.2. Synthesis of pre-polymer and preparation of PVA & PVA/BG specimens
The PVA and PVA/BG specimens were fabricated using the freeze-thaw method as described in our
previous study with a brief modification [37]. The composite was prepared in varying w/w
percentages of PVA i.e., 2% (w/v), 5% (w/v), and 10% (w/v), these w/w percentages were selected
as soft materials are required for wound healing applications and literature suggests that with the
increase in PVA concentration, the crosslinking is also increased due to which elasticity is greatly
reduced [38]. The constant concentration of BG was utilized in this study i.e., 2%, as the wound
healing process is more enhanced at minimal concentrations of Bio-Glass due to enhanced
macrophage proliferation [39]. Preparation of pure PV A specimens involves the preparation of PVA
solution at 80°C with the aid of magnetic stirring. To prepare 2% (w/v), 5% (w/v), and 10% (w/v)
PVA solution, 2 grams, 5 grams, and 10 grams of PVA powder underwent dissolution in 98 mL, 95
mL, and 90 mL of distilled water respectively. The mixture was then subjected to hydrolysis using
a hot plate magnetic stirrer at a temperature of 80°C for 1.5 hours. PVA/BG solution was prepared
by dissolving 0.2 grams of Bio-glass to each 2% (w/v), 5% (w/v), and 10% (w/v) of pure PVA
solution and then sonicated for 1 hour at 50% power. The preparation of pure PVA and PVA/BG
specimens with the freeze-thaw method is represented in Figure 1(a) and 1(b) respectively.
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Fig. 1. Synthesis of Pure PVA and PVA/BG specimens by Freeze-Thaw Method.

Once the pure PVA and PVA/BG pre-polymer were ready, then, 5 mL of each pre-polymer
was poured into silicone molds to get pure PVA and PVA/BG specimens. The pre-polymer was then
placed in BIOBASE BDF-86V 158 ultra-low temperature freezer for 5 cycles. The specimens were
kept at -80°C for 12 hours followed by 30 minutes of thawing at 20 °C for the 1* cycle whereas, for
the rest of the four cycles, specimens were kept at -80°C for 1 hour with 30 minutes of defrosting at
20 °C.

2.3. Characterization and analysis

The fabricated specimens were tested and analyzed by performing various characterization
tests such as Scanning Electron Microscopy, Tensile, pH sensitivity, Swelling, Degradation,
Moisture content, gel fraction, water vapor transmission rate, and contact angle analysis.

2.3.1. Scanning Electron Microscopy

Scanning electron microscopy (SEM) test was performed at “The Centralized Science
Laboratory”, Karachi University, located in Pakistan to observe the topographical image of the
fabricated specimens. All specimens were cut into 1 cm? piece, coated with gold as a conductive
material, and then placed into JEOL Scanning Electron Microscope having model JSM-6380A. The
operating voltage of the microscope is 20kV. PVA and PVA/BG specimens were analyzed using
SEM and images were captured at a magnification level of 1000 and 2300.

2.3.2. Swelling analysis

The swelling test was performed by immersing the specimens in simulated body fluid (SBF),
by the protocol mentioned in the study [40]. Each specimen of 1 cm” was submerged in 4ml of SBF,
having a pH of 7.4 at room temperature for 5 hours in sterile Petri dishes. All the specimens were
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weighed initially using analytical balance KERN ABS80-4N before immersing them in solution and
reweighted up to 4 hours every hour and further for 2 weeks. For weight measurement, the
specimens were removed from the medium and excessive SBF solution is removed with the help of
filter paper. The medium was replaced weekly. Swelling percentages were calculated using Eq. 1:

Swelling (%) = [(WM;—W)] (1)

where ‘Ws’ is the swelled weight of specimens at different time intervals and ‘W,’ is the initial dry
weight of the specimens.

2.3.3. Degradation test

The degradation of the specimens was evaluated through immersion in a simulated body
fluid (SBF) solution. Each specimen of 1 cm” was submerged in 4ml of SBF solution, having pH
7.4 at room temperature for 5 weeks in disinfected Petri dishes. All the specimens were weighed
initially using analytical balance KERN ABS80-4N before immersing them in solution and
reweighted up to 4 hours for every hour and further for 5 weeks every week. For weight
measurement, the specimens were removed from the medium and excessive SBF solution is
removed with the help of filter paper. The medium was replaced weekly and degradation percentages
were calculated using Eq. 2

Degradation (%) = [(Wt];/—w")] )

where ‘Wt is the weight of specimens at different time intervals and ‘Wo’ is the initial weight of
the specimens.

2.3.4. Moisture content

Moisture content test was performed by placing the pre-weighted specimens in a drying
oven at 60 °C for 24 hours. The specimens were re-weighted after 24 hours to determine the moisture
present in the specimens. The moisture content was calculated by using Eq. 3

M_moist—M
Moisture content(%) = [M]

3
Mfdry ( )
where ‘M _poi5;° is the weight of the moist specimens and ‘M_g,,” is the weight of the dry
specimens.

2.3.5. pH sensitivity

The pH sensitivity of the specimens was analyzed by immersing the pre-weighted specimens
in 4ml PBS solution having pH 2.25, 4.6, 6.16, and 7.4. The specimens were evaluated every 15
minutes for 1 hour then after 2 hours and last they were evaluated at 1 week. The specimens were
removed from the medium and excessive PBS solution was removed with filter paper. The pH
sensitivity was determined by using Eq. 4

Weight change(%) = [(th;—w‘ﬂ] “4)

where ‘W, is the weight of specimens at different time intervals and ‘W, is the initial weight of the
specimens.

2.3.6. Tensile strength

To determine the strength and elasticity of fabricated specimens, a tensile test was
performed following the ASTM standard D3039 [41], using an electronic universal testing machine
(UTM) of model WDW-2M. The prepared specimens were cut into a rectangular shape of 250 mm
in length, and 25 mm wide with a thickness of 1 mm.
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2.3.7. Contact angle

Contact Angle test was performed to analyze the wettability properties of the samples. The
prepared samples were air-dried naturally at room temperature and the water contact angles of the
samples were measured using a dynamic contact angle measurement instrument with model number
HO-IAD-CAM-01, employing the sessile drop method, using the protocol mentioned in the study
[42].

2.3.8. Gel fraction

The specimens were cut into 10 x 10 mm pieces to perform the gel fraction test. The
specimens were placed in a drying oven at 40 °C for 24 hours and then weighed (Wo). The dried
specimens were then placed into deionized water for 48 hours until they reached a swelling
equilibrium. The specimen was then dried at 40°C for 24 hours and then reweighted (We) to
determine the gel fraction. The gel fraction in the specimens was calculated using equation 5.

Gel Content(%) = [%] X 100 (5)

where ‘W,” is the final weight of specimens and ‘W’ is the initial weight of the specimens after
drying.

2.3.9. Water vapor transmission rate

The water vapor transmission rate (WVTR) test was calculated by the protocol described in
this study [43]. The test was conducted by taking 10mL deionized water in a glass bottle having
diameter 35mm. The specimens were placed on the mouth of the glass bottle and tightened using
Teflon tape. The glass bottle along with the specimen cap was weighed initially (Wi) and then placed
in a drying oven at 40°C for 24 hours and then reweighted (Wf). The water vapor transmission rate
was calculated using equation 6.

WVTR (%T) = [@] XT (6)

where ‘Wy’ is the final weight of glass bottle, ‘W;’ is the initial weight of the glass bottle, ‘A’ is the
area of the mouth of the glass bottle in m* and ‘T’ is the duration of incubation i.e 24 hours.

2.3.10. Statistical analysis

The Univariate Analysis of Variance was performed to assess the differences between sets
of data. The statistical analysis was conducted using Microsoft Excel, and a significance level of p
< 0.05 was established.

3. Results and discussion

3.1. Scanning Electron Microscopy

The surface morphology of pure PVA and PVA/BG specimens was studied to investigate
the changes in surface properties that occur with the increase in PVA concentration and after the
addition of BG.
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Fig. 2. SEM results of (a) Pure PVA 2% (b) Pure PVA 5% (c) Pure PVA 10% (d) PVA 2% /BG 2% (e) PVA
5% /BG 2% (f) PVA 10% /BG 2%, Yellow arrows represents BG deposition on the surface.

Figure 2 represents the SEM results of Pure PVA and PVA/BG specimens. The
incorporation of bio-glass is evident by SEM analysis in all concentrations and is represented by
yellow arrows. In figure 2 (a), we can observe that the specimen structure is rough due to the lower
concentration of PVA, whereas, in figure 2 (b-c) we can observe a smooth and more compact
structure due to a higher concentration of PVA. Figure 2 (d-f) represents the SEM images of
PVA/BG specimens in which the incremental composition of BG particles is visible.

The results indicate that Pure PVA 2% and 5% specimens represent a honeycombed
structure containing a gap in between the polymer chains whereas 10% pure PVA specimens are
more crosslinked and compact. The BG particles are visible on the surface of the specimens. In 2%
and 5%, PVA/BG specimens the BG particles are submerged in between the polymer chains whereas
in 10 % PVA/BG specimens the BG particles are visible on the surface of the specimens. The results
obtained are quite similar to those mentioned in the previous study [44].

3.2. Swelling analysis

Swelling analysis was carried out to evaluate the fluid uptake capabilities of the specimens,
which is considered to be a profound factor in wound healing [45]. The swelling rates of PVA and
PVA/BG specimens at different time intervals are represented in Figure 3. It is evident that
maximum swelling capability is observed by 2% pure PVA specimens which is around 52% + 3%
after 2 weeks. A significant difference (p < 0.05) is observed in specimens with the increase in
PVA concentration and also there is a significant difference with the addition of BG in 2%
concentration specimens at the end of 3 weeks. Pure PVA specimens indicate a slight increase in
their swelling ratios than the PVA/BG 2% and 5% specimens, whereas 10% specimens depict
similar swelling capabilities at different time intervals. There is a noteworthy difference in the
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swelling capabilities of 2%, % 5, and 10% specimens. It was also observed that the swelling ratio
depends on the concentration of PVA. The swelling results represent that the swelling decreases as
the concentration is increased, this is because swelling mainly depends on the composition of the
hydrogel. As the concentration of polymer increases, the number of ordered polymer chains also
increases. This is the reason why decreased swelling ratios were observed with increasing
concentration [46]. It can also be observed that the swelling ratio is decreased with the addition of
BG, this is because BG particles act as an additional cross-linker [47]. Biomaterials having
hydrophilic polymer are more receptive to water and moisture present in the surrounding
environment. These materials exhibit hygroscopic properties due to the existence of hydrophilic
groups in their macromolecule chains. Swelling is a major factor in the evaluation of materials used
in drug release, wound healing, and various other applications [48].
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- o
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0%
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Time

Fig. 3. Swelling ratios of Pure PVA & PVA/BG hydrogel specimens immersed in SBF for 3weekes.

3.3. Degradation test

Degradation test was carried out to evaluate the degradation capabilities of samples over a
special period of time. The percentage weight change of PVA and PVA/BG specimens at different
time intervals is represented in Figure 4. Results indicate that a significant difference (p < 0.05) is
observed with the addition of BG in 2% concentration at 3 weeks and also a significant difference
is observed between the degradation rate of 2%, 5%, and 10% concentrations. It is evident from the
results that the degradation is observed after 2 weeks and maximum degradation is observed in 10%
of specimens. 2% and 5% PVA/BG specimens depict less degradation than pure 2% and 5%
specimens, whereas, in 10 % concentration, both pure PVA and PVA/BG specimens represent a
similar degradation profile.
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Fig. 4. Degradation Percentages of Pure PVA & PVA/BG hydrogel specimens immersed
in SBF for 6 weeks.
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Overall degradation percentages at the end of week 6 are represented in figure 5. We can
observe that the degradation rate was decreased as the concentration of PVA was increased, this is
because, with the increase in PVA concentration, the microcrystalline area, and the junction joints
are increased which in turn enhances the water-retaining capacity of the specimens. Higher the PVA
concentration, the higher the water-retaining capacity, and the slower the water-loss ability [49]. It
can also be observed from the graph that with the addition of BG the degradation rate is slightly
decreased, that is because BG particles act as an additional crosslinker in between the PVA polymer
chain. Degradation is considered one of the prime features of biomaterials required for wound
healing applications. The degradation rate is an important parameter that indirectly regulates the
functionality of cells and the remodeling of the host tissue [47].
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Fig. 5. Degradation Percentages of Pure PVA & PVA/BG hydrogel specimens at week 6.

It is evident from the results that maximum degradation at the end of week 6 is observed by
2% (w/v) Pure PVA specimens i.e. 45% =+ 9.43% whereas the least degradation rate was observed
by PVA (10%)/BG (2%) specimens i.e. 27% + 10.92%.

3.4. Moisture content

Moisture content was analyzed to determine the hygroscopic behavior of the fabricated
specimens. The specimens showed a significant reduction in their size before and after placing them
in the drying oven as represented in Figure 6.
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The change in moisture content and the hygroscopic behavior of hydrogels [50], in all
specimens over the period of 24 hours can be analyzed in figure 7. Results indicate that no significant
difference (p > 0.05) is observed on hygroscopicity of specimens with the addition of BG, whereas
when PVA concentration was increased from 2% to 10% a noteworthy difference (p < 0.05) is
observed. Results indicate that maximum hygroscopicity is observed by 2% (w/v) Pure PVA/ BG
specimens that is 94.69% =+ 0.84% and the least hygroscopicity is observed by 10% (w/v) Pure
PVA specimens which is 90.21% =+ 0.45%. Bio-Glass specimens seem to be more hygroscopic
than pure specimens. 2% (w/v) pure PVA and PVA/BG specimens represent more hygroscopicity,
in comparison to 5% (w/v) and 10% (w/v) specimens Results depict that with the increase in
concentration, there is a decrease in the hygroscopicity of the specimens.
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Fig. 7. Change in moisture content of Pure PVA 2%, PVA 2%/BG 2%, Pure PVA 5%, PVA 5%/BG 2%,
Pure PVA 10%, and PVA 10%/BG 2% over 24 hours.

It is obvious from the results that hygroscopicity is decreased with the increase in PVA
concentration this can be attributed as there is an increase in cross-linking density with the increase
in PVA concentration and the microstructure becomes more closely packed and restricts the volume
expansion in the hydrogel [51].

3.5. pH sensitivity

Research has shown that the water absorption capacity of hydrogels is impacted by changes
in the surrounding pH. This suggests that ionic hydrogels can display swelling behavior at different
pH levels [52]. Therefore, to analyze the swelling ratios of the specimens at different pH levels, a
pH sensitivity test was performed.
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Fig. 8. Swelling ratios at (a) pH 2.25, (b) pH4.6, (c) pH 6.15 & (d) pH 7.4 of Pure PVA 2%, Pure PVA 5%,
Pure PVA 10%, PVA 2% /BG 2%, PVA 5% /BG 2%, PVA 10% /BG 2% over 4 hours.
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The specimens were placed into pH 2.25, 4.6, 6.15, and 7.4 and their swelling ratios is
observed. The swelling ratios of specimens at different pH values are represented in figure 8.
Obtained results are quite similar to as mentioned in the previous study [53]. Results obtained
indicate that initially there is swelling in the specimens followed by degradation and then after 1
week a plateau phase is observed. In all concentrations, we can observe that PVA/BG specimens
have a slower degradation rate than pure specimens. Results indicate that with the increase in PVA
concentrations and with the addition of BG in specimens of 2% concentration at pH 2.25, 4.6, 6.15,
and 7.4 a significant difference (p < 0.05) is observed at different time intervals. All the specimens
showed stable behavior in different pH environments. Results indicate that maximum swelling was
indicated by 2% (w/v) PVA/BG specimens which is 34% + 2% in the 7.4 pH solution. It is
noticeable from the results that pure PVA specimens degrade faster than PVA/BG specimens at all
pH values. The specimens with 2% concentration of PVA represent faster degradation whereas
samples with 5% and 10% concentrations of PVA indicate slower degradation behavior.

Intracellular and extracellular pH is a prime factor that affects the wound healing process.
Most of the cellular processes depend on pH [50]. The skin's pH is slightly acidic and falls within
the range of 4 to 6.6. However, when the skin is injured, it is exposed to internal body fluids that
have a physiological pH of 7.4, leading to an increase in the pH of the affected skin [54]. It is evident
from the results that the specimens were stable in all pH values and represent the highest swelling
at pH 7.4, which is the pH of human blood and body fluids. Chronic wounds usually have a pH
between 7.15 - 8.9 [50] and hence the fabricated specimens can be utilized for chronic wounds. It is
also noticeable from the results that the fabricated specimens exhibit significant swelling ability in
response to variations in the surrounding pH values. Results indicate that at pH 2.25 and 7.4, PVA
(2%) / BG (2%) specimens showed higher swelling than pure PVA specimens indicating the
capability of BG to interact at both acidic and neutral pH values.

3.6. Tensile analysis

Tensile results indicate that with the incorporation of bio-glass and with the elevated
concentration of PVA, the tensile strength was significantly improved. The maximum stress that a
2% pure PVA specimen can bear is around 26 KPa whereas PVA/BG specimens of 2%
concentration can withhold the maximum stress of around 80 KPa, as represented in Table 1. Results
also indicate that the maximum stress pure PVA specimens of 5% concentration can bear is around
53 KPa whereas PVA/BG specimens of 5% concentration can withhold the stress of around 80 KPa.
Pure PVA and PVA/BG specimens of 10% concentration have a similar tensile strength of 120KPa.
It can also be observed that with the addition of BG, the tensile strength was increased from 26KPa
to 80KPa in 2% specimens whereas, in 5% specimens, the tensile strength was increased from
53KPa to 80KPa and for 10% specimens, there is a slight increase in tensile strength from 112 KPa
to 120K Pa. Figure 9 represents the tensile curves from the fabricated specimens.
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Table 1. Tensile Strength and Strains of PVA and PVA/BG Specimens.

Specimen

Tensile Strength (KPa)

Strain (%)

PVA (2%)

26

13

PVA (5%)

53

11

PVA (10%)

112

15

PVA (2%) BG (2%)

80

16

PVA (5%) BG (2%)

80

16.5

PVA (10%) BG (2%)

120

12




834

Results indicate that the tensile strength was increased with the increase in PVA
concentration, this may be attributed as with the increase in PVA concentration, crosslinking
increases which results in higher tensile strength[46]. The results obtained are quite similar as
mentioned in the previous study [55]. It can also be observed from the results that with the addition
of BG particles there is an increase in the mechanical properties of the PVA specimens which are
quite similar to the results obtained in the previous study [44]. Results also indicate that there is no
significant increase in tensile strength of Pure PVA and PVA/BG specimens of 10% concentration
this is since with the increase in PVA concentration the PVA solutions become more viscous and it
is difficult for BG particles to disperse in the hydrogel which results in less mechanical strength of
the specimens [44].

3.7. Contact angle

Contact angle test was performed to analyze the wettability of the prepared specimens.
Typically, an ideal wound dressing is hydrophilic or has a contact angle of less than 90°. Hydrophilic
dressings exhibit excellent capabilities in absorbing exudates from the wound bed[56]. Results
indicate that the hydrophilicity of the specimens represents no significant difference (p > 0.05)
with the addition of Bio-Glass whereas with the increase in PVA concentration a significant
difference(p < 0.05) is observed in between specimens. It can be observed from the results that the
hydrophilicity is decreased with the increase in PVA concentration and hydrophilicity is increased
with the addition of BG. This is since with the increase in PVA concentration, the crosslinking
increases due to which the water absorbing capacity is decreased [46]. Figure 10 represents the
contact angle images of the fabricated specimens.

48.8° 69.9° 86.7°

81.9°

Fig. 10. Contact Angle Images for (a) Pure PVA 2% (b) Pure PVA 5% (c) Pure PVA 10% (d) PVA 2% /BG
2% (e) PVA 5% /BG 2% (f) PVA 10% /BG 2%.

The addition of BG demonstrates an insignificant impact in contact angles due to BG
incorporation. This is attributable to a low BG concentration of 2% and uniform embedding of BG
within the PVA matrix. The fabricated specimens exhibit contact angles of less than 90, proving that
they are hydrophilic. The observed hydrophilic behavior of the fabricated specimens is quite similar
as mentioned in the previous study [57]. It is evident from figure 11 that Pure PVA specimens with
2% PV A concentration depict the most hydrophilic behavior with a contact angle value of 43.4° +
9.6°and 10% (w/v) Pure PVA specimens represent the least hydrophilic behavior with the contact
angle value of 86.7° &+ 6.2°. It can be noticeable from the results that with the addition of BG the
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contact angle is increased denoting that the wettability of the specimens is decreased and surface
roughness is also increased. This indicates that the BG particles are slightly more hydrophobic than

PV A molecules.
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Fig. 11. Contact Angle Results of Pure PVA 2%, PVA 2%/BG 2%, Pure PVA 5%, PVA 5%/BG 2%, Pure

3.8. Gel fraction
Gel Fraction test was performed to analyze the degree of crosslinking formed within a hydrogel
structure. The greater the crosslinking, the higher the gel fraction is present in the hydrogel [56].
The swelling ability of the hydrogels is inversely proportional to the gel fraction value as with the
increase in PV A concentration, there is more crosslinking and the space and volume for water uptake
is reduced [38]. The results show that the gel fraction of the specimens do not differ
significantly(p > 0.05) with the addition of Bio-Glass. However, as the concentration of PVA
increases, a significant difference(p < 0.05) is noticeable among the specimens. Results indicated
in figure 12 represent that with the addition of Bio-Glass, there is an increase in gel fraction.
Furthermore, it can also be observed that with the increase in PVA concentration, there is also an
increase in gel content which is similar to the results represented in [58].

Gel Fraction %

100% -
90% A
80% -
70% A
60% A
50% A
40% A
30% A
20%
10% A

0%

0%

% 9%

76%
]

I

l._

90%
I

1

PVA 10%, and PVA 10%/BG 2%.

91%

|

i OPure PVA 2%

i GPVA 2%/BG 2%
i OPure PVA 5%

* 1IPVA 5%/BG 2%
+ OPure PYA10%

| TPVA 10%/BG 2%

|
|
|

Fig. 12. Gel Fraction % of Pure PVA 2%, PVA 2%/BG 2%, Pure PVA 5%, PVA 5%/BG 2%, Pure PVA
10%, and PVA 10%/BG 2%.

It is evident from the results that the maximum gel fraction was observed in 10% (w/v)
PVA/BG specimens that is 91% = 0.0122% and the least gel content was observed by 2% (w/v)
Pure PVA specimens that is 70% + 2.31%.
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3.9. Water vapor transmission rate

Hydrogels used for wound healing applications must have an optimum water vapor
transmission rate (WVTR), which means they must be capable of reducing the body's liquid loss by
controlling the fluid absorption and transmission from the wound surface while keeping the humidity
high [59]. The WVTR of the top surface of the wound dressings determines the moist environment
of the wound which is crucial for wound healing. High WV TR represents rapid water loss and results
in dehydration which in turn slows down the wound healing process whereas low WVTR results in
exudate retention and promotes bacterial growth [60]. The WVTR value for normal skin was
reported around 200 g/m*.day, for a first-degree burn it was around 300g/m?.day and, for granulating
wounds it was reported around 500 g/m”.day [56]. The WVTR for wound dressing materials should
be higher than the normal skin to provide an optimum environment for wound healing [61].
Therefore, the WVTR value for an ideal wound dressing should be between 2000 — 2500 g/m?.day
[60]. However, the WVTR capability of the wound dressing needs to be higher, depending on the
wound type. The ideal WVTR value for first-degree burns should be around 3000 g/m?. day whereas
wound dressing for severe burns should be around 5000 g/m?*.day [62]. WVTR values for Pure PVA
and PVA/BG specimens were in between 2200 to 5000 g/m?.day. It can be observed from the results
that the gel fraction of the specimens represents no significant difference (p > 0.05) with the
addition of Bio-Glass whereas with the increase in PVA concentration, a significant difference(p <
0.05) is observed in between specimens. The WVTR value is decreased with the increase in PVA
concentration and with the addition of Bio-Glass as depicted in figure 13. PVA 2% exhibits the high

value of WVTR i.e. 4989.6 g/mz .day + 498.96 g/mz .day whereas the least value of WVTR is
observed in PVA (10%)/ BG (2%) specimens i.e. 22453 9/ ,.day +249.48 9/ ,.day

Time
24 Hours

1000 -

2000 - | OPure PVA 2%

_[ GPVA 2%/BG 2%

3000 A

1
I
I
|
I
I
1
I
I
: 2476.5 ’ OPure PVA 5%

WYVTR (g/m?/day)

I 11PVA 5%/BG 2%

4000 A I OPure PVA 10%

I L - i l 3575.9 PVA 10%/BG 2%
5000 4 4241.2

4989.6 4573.8

6000 -

Fig. 13. WVTR of Pure PVA 2%, PVA 2%/BG 2%, Pure PVA 5%, PVA 5%/BG 2%, Pure PVA 10%, and
PVA 10%/BG 2% over 24 hours.

4. Conclusion

This research focuses on the fabrication of a new biomaterial composite by incorporating
polyvinyl alcohol and bio-glass. Both materials are proclaimed to be biocompatible, and
biodegradable hence they are a choice for wound healing applications. promote wound healing. The
composite is fabricated using the freeze-thaw method in three different concentrations of PVA i.e.,
2%, 5%, and 10% whereas the concentration of BG is kept constant i.e. 2% The fabricated composite
demonstrates optimal pH stability, degradation, swelling, gel fraction, wettability, hygroscopicity,
WVTR, and tensile capabilities to be used for tissue engineering applications. Results indicated that
with the increase in PVA concentration, there is a significant difference(p < 0.05) is observed in
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between specimens. Furthermore, in degradation, swelling, and pH analysis, the addition of BG also
depicts a significant difference (p < 0.05) in specimens of 2% concentration. The SEM analysis
showed that the BG particles are well incorporated at 2% and 5% concentrations of PVA, as the
particles amalgamate with the PVA whereas, at 10% concentration of pure PVA, the BG particles
are visible on the surface. It was interesting to observe that a specimen with 2% pure PVA
concentration exhibits excellent swelling capabilities, hydrophilicity, and, hygroscopicity.
Moreover, the specimens with 10% pure PVA concentration exhibit higher tensile strength
and gel fraction, and their degradation rate is also faster than 2% and 5% pure PVA specimens. It is
quite evident from the results that with the addition of BG, tensile strength, degradation rate, pH
sensitivity, hydrophilicity, gel fraction, and swelling capability is increased, and WVTR is
decreased. Results also indicate that 2% pure PV A specimens exhibit rapid swelling and degradation
behavior whereas the PVA/BG specimens exhibit a slower degradation rate as compared to pure
specimens at pH values 2.25, 4.6, 6.15, and 7.4. To our surprise, the addition of BG did not
demonstrate any profound effect on hygroscopicity as expected. It is concluded that the fabricated
material exhibits sufficient physical, chemical, and mechanical properties, and can be utilized for
wound healing applications. Furthermore, antimicrobial and animal studies must be conducted in
the future to assess its biocompatibility and biological performance. The new material will open new
doors and widen the research perspective regarding the utilization of BG for soft-tissue regeneration.
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